REGULATOR OF G PROTEIN SIGNALING (RGS) proteins belong to a large family of highly diverse, multifunctional signaling proteins, which share a conserved signature domain (RGS domain) that binds directly to the activated G␣ subunits. RGS terminates G protein signaling by accelerating intrinsic GTPase activity of G␣ and thereby fostering reassociation of the G␣␤␥ trimer (61) . Over 30 mammalian family members have been described so far and classified into seven subfamilies based on sequence identity and functional similarities (70, 72) . RGS4 is one of the most extensively studied RGS proteins (44, 61, 62, 70, 72) and regulates the strength and duration of the G␣ i/o and G␣ q/11 family members (26, 36) . RGS4 plays an important role in promoting cardiac development, regulating neuronal plasticity, and modulating smooth muscle contraction (2) . In cardiomyocytes, RGS4 expression is induced by endotoxin and interleukin (IL)-1␤ (57, 58) and contributes to the loss of G␣ q -mediated activation of phospholipase C (PLC) by endothelin-1 (51) . In the central nervous system, RGS4 is linked to schizophrenia (6, 14, 27, 44, 46) , Alzheimer disease (13) , and Huntington disease (63) . RGS4 regulates the pain process (17, 25) and morphine tolerance (25, 31) through modulation of opioid receptor signaling (43, 69) . In gastrointestinal smooth muscle, RGS4 negatively regulates G␣ q signaling activated by M3 or motilin receptors (37, 38) and thus inhibits agonistinduced initial contraction (33, 35, 36) . Recently, we demonstrated (35) that treatment of colonic smooth muscle cells with the proinflammatory cytokine IL-1␤ inhibits acetylcholinestimulated initial contraction through increasing the expression of RGS4. Upregulation of RGS4 by IL-1␤ is mediated by NF-B signaling (33) and modulated by MAP kinases (MAPKs) and a phosphatidylinositol 3-kinase (PI3-kinase)/ Akt/GSK3␤ pathway (34) .
Inflammatory mediators regulate gene expression via transcriptional and posttranscriptional mechanisms. The steady status of the target gene transcripts depends on both synthesis and degradation. One of the important mechanisms to regulate gene expression is mRNA stability, which is tightly controlled by the interaction of specific mRNA sequences (cis-elements) with specific trans-acting factors such as RNA-binding proteins (RBPs). AU-rich elements (AREs) are the critical, albeit not exclusive, cis-acting elements in the 3=-untranslated regions (3=-UTRs) of many short-lived genes such as cytokines, growth factors, transcription factors, and protooncogenes (8, 49, 65) . Selective binding of RBPs to AREs of target mRNAs leads to either increase or decrease in the half-life of target transcript. A number of ARE binding proteins have been identified, including ELAV (embryonic lethal abnormal vision in Drosophila melanogaster) protein family members such as human antigen R (HuR) (8) , tristetraprolin (4), AU-rich binding/degradation factor (AUF1) (75) , the KH-type splicing regulatory protein (KSRP) (19) , and T cell intracellular antigen-1 (TIA-1) (47) . HuR is a ubiquitously expressed member of the ELAV family and is increasingly recognized as an important posttranscriptional regulator for gene expression (30) . HuR is implicated in a large variety of pathologies in which destabilization of many labile key mRNAs is causally linked with the onset and course of diseases (12) . HuR has been shown to stabilize ARE-containing mRNAs of several inducible genes such as c-fos, c-myc, cyclooxygenase-2, tumor necrosis factor-␣, ␤-catenin, cyclin D1, p21, p53, etc. (1, 8, 30) . HuR is present predominantly in the nucleus of unstimulated cells but translocates to the cytoplasm in response to various stress stimuli and binds with great affinity and specificity to AREs in a variety of mRNAs (12) . It becomes clear that HuR subcellular localization is closely linked to its effects on target transcripts.
Cytokines, growth factors, and others have been shown to regulate RGS4 expression in different types of cells. However, the molecular mechanisms for RGS4 regulation remain poorly understood. At the protein level, RGS4 is regulated by the posttranslational N-end rule mechanism (5) . At the mRNA level, RGS4 is regulated by a neural type-specific transcription factor, Phox2b (22) . In our previous studies (33, 45) , we demonstrated the important contribution of the transcriptional mechanism to IL-1␤-induced upregulation of RGS4 expression. In the present study, we explored the importance of the posttranscriptional mechanism underlying the upregulation of RGS4 expression. We cloned the full length of rabbit RGS4 3=-UTR, which is enriched with ARE sites. Using reporter gene assay as well as deletion and site-directed mutation assay, we demonstrated that the two 3=-most ARE sites are critical to mediate or regulate the instability of RGS4 mRNA. IL-1␤ stabilizes RGS4 mRNA through 3=-UTR by promoting cytosolic translocation and the 3=-UTR binding of HuR. This study provides the first evidence for the mRNA-stabilizing mechanism in RGS4 regulation.
MATERIALS AND METHODS
Cell culture. Animal protocols were reviewed and approved by the Temple University Institutional Animal Care and Use Committee (IACUC). Rabbit colonic smooth muscle cells were isolated and cultured as previously described (35, 52) . Briefly, distal colon from euthanized New Zealand White rabbits (2-2.5 kg) was placed in HEPES-buffered smooth muscle medium. The circular and longitudinal smooth muscle layers were dissected under the stereomicroscope and treated with 0.1% collagenase (type II) and 0.1% soybean trypsin inhibitor for 30 min at 31°C. Isolated single muscle cells after several rounds of spontaneous dispersion were harvested by filtration through 500-m Nitex and centrifuged twice at 350 g for 10 min. The isolated smooth muscle cells were plated in 10-cm dishes with DMEM containing 10% fetal bovine serum and 1% antibiotics and antimycotics. After 10 -14 days, the smooth muscle cells attained confluence and were then passaged once for use in various experiments.
Rapid amplification of cDNA ends. The coding sequence (cds) and 5=-UTR of rabbit RGS4 were cloned by degenerative reverse transcription (RT)-PCR and 5=-rapid amplification of cDNA ends (RACE) as described previously (45) . The 3=-UTR of rabbit RGS4 transcript was identified by using the SMART (Switching Mechanism At 5= end of RNA Transcript) RACE cDNA amplification kit (BD Biosciences, Clontech, Palo Alto, CA) according to the manufacturer's instructions. The cDNA was generated from total RNA of rabbit colonic smooth muscle cells. PCR was carried out with the forward primer (5=-ATGTGCAAAGGACTTGCAGGTC-3=) from rabbit RGS4-cds and the universal primer provided in the kit. The PCR product of 2.5 kb was gel purified and cloned into the pCRII-TOPO T-A vector (Invitrogen). Positive clones were identified by restriction digestion with EcoRI, and the nucleotide sequence of the two ends of the insert was determined by sequencing with universal T7 and SP6 primers. The sequence of the middle region of the insert was determined by sequencing with a customer-designed primer based on the sequence determined by the T7 primer.
Construction of various vectors. In the preliminary studies, we placed the full-length (fl) 3=-UTR (2,092 bp) of rabbit RGS4 downstream of the luciferase reporter in RGS4 promoter (1.5 kb)-driven secreted Renilla luciferase (rLuc) vector at AgeI/BstBI digestion sites. Reporter assay showed that the luciferase signal was undetectable, perhaps because of the removal of partial poly(A) signal and/or the weak promoter activity. Thus we harvested the insert encoding secreted Renilla luciferase plus RGS4 3=-UTR(fl) from the above vector by BstBI digestion, blunting, and KpnI digestion followed by gel purification. The insert was cloned through KpnI/EcoRV double digestion into pcDNA3 vector, which contains cytomegalovirus (CMV) promoter and bovine growth hormone (BGH) poly(A) signal. This vector was designated as pcDNA3-rLuc-RGS4-UTR(fl). The parent vector pcDNA3-rLuc was generated by inserting Renilla luciferase reporter fragment from pMluc-3 AccepTor vector (EMD Bioscience/Novagen) through KpnI and blunted AgeI into pcDNA3 vector at KpnI/EcoRV. All vectors were validated by restriction digestion and sequencing with the universal T7 and SP6 primers.
Various deletion constructs of pcDNA3-rLuc-RGS4-UTR(fl) were generated through digestion, blunting, and ligation by analyzing and combining the digestion sites within the insert and the backbone vector. The NH 2-terminal deletion mutant (deleting nucleotides 1-607 of RGS4 3=-UTR) designated pcDNA3-rLuc-RGS4-UTR(⌬nd) containing the sites of ARE-3 to ARE-6 was generated by double digestion with AgeI/EcoRV followed by blunting and ligation. The COOH-terminal deletion mutant (deleting nucleotides 607-2092) designated pcDNA3-rLuc-RGS4-UTR(⌬cd) containing ARE-1 and ARE-2 sites was generated by single digestion with EcoRV and ligation.
The classical ARE motif (AUUUA) was used to search against the RGS4 3=-UTR full length, identifying six ARE sites. Because RGS4-UTR(⌬cd) prevented UTR-mediated mRNA instability and ARE-5 and ARE-6 on the COOH-terminal region are highly conserved, their sitedirected mutation constructs were generated by site-directed mutagenesis using pcDNA3-rLuc-RGS4-UTR(fl) vector as template according to the protocol of the QuikChange kit (Stratagene). The mutagenic primer for RGS4-UTR-⌬ARE-6 is shown here as a representative, and the underlined nucleotides are the mutated ARE site (forward): 5=-TTGAAAATT-TCTCATTTATGTTGCTCGTGATGTTGTTTTGTAC-3=. The final mutation was verified by nucleotide sequencing.
The cds of rabbit RGS4 was cloned into the downstream of Renilla luciferase reporter at the AgeI site of the pcDNA3-rLuc vector with the in-fusion advantage PCR cloning kit (Clontech).
HuR short hairpin RNA (shRNA) expression vectors were generated as previously described (32) . Briefly, two shRNA encoding sequences, HuR-A and HuR-B, were designed based on 100% homology between human, mouse, and rat HuR and targeted nucleotides 117-137 and 429 -450 of mouse HuR (AK161667). The shRNA expression cassette was generated through two consequential rounds of PCR and cloned into the pLL3.7 lentiviral vector, which contains a CMV-promoted enhanced green fluorescent protein (EGFP) marker as internal control (32) . The sequence of each shRNA expression cassette in the vector was confirmed by restriction enzyme digestion and DNA sequencing. The nucleotide sequences for HuR shRNA are 5=-GCAGGACACAGCTTGGGCTAC-3= for HuR-A and 5=-GAA-GAGGCAATTACCAGTTTCA-3= for HuR-B.
Rabbit HuR sequence was obtained by RT-PCR using RNA from rabbit colonic smooth muscle cells and the degenerative primers obtained by comparing the cds of HuR from human, mouse, and rat. The sequence of rabbit HuR was deposited in GenBank (accession no. HM037267). The Flag-tagged rabbit HuR expression vector was generated by standard PCR cloning into pRK-Flag vector.
Transfection of cultured colonic smooth muscle cells. All the vectors for mammalian expression were prepared with the EndoFree Plasmid Maxi kit (Qiagen). Confluent smooth muscle cells in first passage were transiently transfected with the indicated vectors with Lipofectamine 2000 according to the manufacturer's instructions (Invitrogen). Fluorescent analysis of EGFP or immunocytochemical staining with anti-Flag antibody showed a transfection efficiency of 60 -70%.
Reporter assays. Cells (2 ϫ 10 4 /well) were cultured on 96-well plates. After transfection and incubation for the indicated time periods the media were harvested for measurement of Renilla luciferase activity, and at the end the cell lysate was used for measurement of firefly luciferase activity. The Renilla luciferase was determined with a Renilla luciferase assay kit (Promega). The firefly luciferase was determined with the ONE-Glo luciferase assay system (Promega). Luminescence was measured with the Envision Luminescence plate reader (Perkin Elmer). Data are normalized by dividing Renilla luciferase activity by the corresponding firefly luciferase activity in each of four to six wells. Experiments were performed at least three times.
Immunofluorescent cytochemistry and quantitative image analysis. Cells were seeded on eight-well glass chamber slides (Nalge Nunc, Lab-Tek, Rochester, NY) and cultured until full confluence. After 24-h serum starvation, cells were treated with IL-1␤ for different time periods, followed by fixation with 4% paraformaldehyde-PBS for 30 min. After washing with PBS, cells were permeabilized with 0.5% Triton X-100 for 30 min, blocked with 10% normal donkey serum for 1 h, and incubated with the primary anti-HuR polyclonal antibody (Santa Cruz, 1:400) overnight at 4°C. After washing, the Alexa Fluor 488 (green)-linked secondary donkey anti-rabbit (Invitrogen, 1:200) antibody was applied for 1 h. Staining specificity was determined by omitting the primary antibody. Hoechst 33258 was used for counterstaining of nuclei. The slides were coverslipped with antifading aqueous mounting medium. The fluorescences of HuR and Hoechst staining were captured by sequential acquisition under the fluorescent inverted microscope (Nikon, Japan) with IPLab software. Quantitative analysis of HuR nuclear-to-cytosolic translocation was performed with NIH ImageJ 1.43q software, following the methods used for p65 nuclear translocation (10, 18, 34, 55) . Briefly, a median filter (3 ϫ 3 pixel radius) was applied to the Hoechst-stained image to remove noise and to approximate the distribution of staining intensity to a median value. A binary mask containing all the fluorescence above background was made. The nuclear mask was generated by 1-pixel erosion to avoid the cytosolic contamination. The cytosolic mask was generated by using a 4-pixel dilation of the nuclear mask and subtraction. Each mask was then applied to the original HuR-positive immunofluorescent image after 3-pixel median filtering to obtain the integrated optical density. The ratio of nuclear and cytosolic integrals was used to normalize the data and exclude variations in size and shape of the cell and nucleus. The ratios were averaged for 4 -6 fields per well under a ϫ40 oil objective with 30 -50 cells per field. Measurements were repeated in triplicate (3 wells), and data are presented as means Ϯ SE of four separate experiments.
Western blot analysis. Cells were cultured in six-well plates. Nuclear and cytosolic extracts were prepared with the NE-PER kit (Pierce). Western blot analysis was performed as previously described (32) . Briefly, equal amounts of proteins were fractionated by SDSpolyacrylamide gel electrophoresis (PAGE) and transferred to nitrocellulose membrane (Bio-Rad). Blots were blocked in 5% nonfat dry milk-Tris-buffered saline (pH 7.6) plus 0.1% Tween-20 (TBS-T) for 1 h and incubated overnight at 4°C with various primary antibodies in TBS-T plus 1% milk. After incubation for 1 h with horseradish peroxidase-conjugated corresponding secondary antibody (1/2,000, 10 g/ml; Pierce) in TBS-T plus 1% milk, immunoreactive proteins were visualized with the SuperSignal Femto maximum sensitivity substrate kit (Pierce). All washing steps were performed with TBS-T.
Reverse transcription and real-time PCR. Cells were seeded on six-well plates. Total RNA was extracted with the TRIzol reagent (Invitrogen). Potentially contaminated genomic DNA was removed by TURBO DNase (Ambion). One microgram of RNA was used to synthesize cDNA with SuperScript III reverse transcriptase (Invitrogen) with random hexanucleotide primer. Real-time PCR analysis was carried out on a LightCycler480 (Roche). Expression of rabbit RGS4 mRNA was analyzed with the TaqMan PCR Master Mix Reagents Kit (Applied Biosystems) as described previously (35) . The mRNA expressions of reporter luciferase and rabbit GAPDH were determined by using the SYBR Green I kit (Roche). The sequences for luciferase primers are forward 5=-AATCTTTCTGCACGGCAACG-3= and reverse 5=-TGCCGATCAGATCAGGAATGA-3=. Rabbit GAPDH primers are forward 5=-CGCCTGGAGAAAGCTGCTAA-3= and reverse 5=-CGACCT-GGTCCTCGGTGTAG-3=. Each sample was tested in triplicate. Cycle threshold (Ct) values were obtained graphically for RGS4 and GAPDH. The difference in Ct values between GAPDH and RGS4 are represented as ⌬Ct values. ⌬⌬Ct values were obtained by subtracting the ⌬Ct values of the control samples from that of the treated samples. Relative fold change in gene expression was calculated as 2
Ϫ⌬⌬Ct
. In some cases (see Fig. 5B ), absolute quantification was performed with RGS4 plasmid as the standard.
Biotin RNA pull-down assay. The coding region and 3=-UTR of rabbit RGS4 were obtained by PCR TA cloning into pCR-II vector that contains T7 and SP6 RNA polymerase promoter. The orientation of PCR inserts was verified by sequencing. After lineation by digestion with NotI, the vector was purified by phenol-chloroform extraction. The DNA was used as template for the synthesis of the corresponding biotinylated RNA with the MEGAscript SP6 in vitro transcription kit (Ambion) and biotin-11-UTP. The biotinylated transcript (15 pmol) was incubated with precleared cytosolic (100 g) or nuclear (50 g) extract for 30 min at room temperature. The complexes were isolated with streptavidin-conjugated Dynabeads (Dynal), and bound proteins in the pull-down material were analyzed by Western blotting using antibodies against HuR or IKK1 (Santa Cruz).
PLC-␤ activity assay. PLC-␤ activity was determined in cultured smooth muscle cells by measuring the formation of inositol phosphates by ion-exchange chromatography as described previously (33, 53) .
Transfected cells labeled with myo-[
3 H]inositol (0.5 Ci/ml) for 24 h in inositol-free DMEM without FBS were washed with PBS and treated with acetylcholine (0.1 M) plus methoctramine (0.1 M) for 0.5 min in 1 ml of HEPES-buffered solution (pH 7.4). The reaction was terminated by the addition of 940 l of chloroform-methanol-HCl (50:100:1). The aqueous phase after extraction and centrifugation was applied to a Dowex AG-1 column, and [
3 H]inositol phosphates were eluted with 0.8 M ammonium formamate plus 0.1 M formic acid. Radioactivity was determined by liquid scintillation and expressed as counts per minute (cpm).
Statistical analysis. For assessment of mRNA half-life, the RGS4 mRNA level after normalization over the time period after addition of actinomycin D was analyzed by the one-phase exponential decay of nonlinear regression with GraphPad Prism. Data are expressed as means Ϯ SE of three or four separate experiments. Statistical significance between different groups was determined by Student's t-test or one-way analysis of variance (ANOVA) with Newman-Keuls comparison.
RESULTS

RGS4 mRNA half-life is increased by IL-1␤.
The steadystate levels of RGS4 mRNA reflect the balance between synthesis and degradation. Our previous studies (33) demonstrated that IL-1␤ induces a rapid increase in RGS4 mRNA expression, which is blocked by preaddition of transcription inhibitor actinomycin D. To explore the potential posttranscriptional mechanisms for IL-1␤-induced upregulation of RGS4 mRNA, we measured the stability of RGS4 mRNA by determining the time course of RGS4 mRNA remaining after inhibition of transcription by actinomycin D in the presence or absence of IL-1␤ treatment. The constitutive level of RGS4 mRNA without IL-1␤ (and no serum) was lower but detectable (taken as 100%) and gradually reduced after transcription inhibition (Fig. 1, A and B) . When IL-1␤ and actinomycin D were added simultaneously (0 h, 100%), IL-1␤ induced a rapid increase within 30 min before the actinomycin D took effect and doubled the half-life of RGS4 mRNA (Fig. 1A) . When IL-1␤ was added after pretreatment with actinomycin D for 30 min, IL-1␤ produced a similar effect on RGS4 mRNA decay (Fig. 1B) . Under the higher level of RGS4 mRNA (100%) after IL-1␤ induction for 3 h (Fig. 1C) or 24 h (Fig. 1D) , as reported previously (33, 35) , addition of actinomycin D without IL-1␤ (by changing the culture medium) produced a faster degradation of RGS4 mRNA, with a half-life of 44 -48 min. Continuous exposure of IL-1␤ after transcription inhibition also doubled the half-life of RGS4 mRNA (Fig. 1, C and D) . These data suggest that IL-1␤ has a dual effect on RGS4 mRNA through increasing transcription and decreasing mRNA decay. The decay rate of RGS4 mRNA relies on the initial level, and IL-1␤ treatment stabilizes RGS4 mRNA independently of initial level in rabbit colonic smooth muscle cells.
Rabbit RGS4 cDNA contains a long 3=-UTR. We have cloned the 5=-UTR of rabbit RGS4 by 5=-RACE (45) . To understand the mechanism for RGS4 mRNA stability, we cloned the 3=-UTR of rabbit RGS4 by 3=-RACE. The PCR product from 3=-RACE presented a single band, and sequencing analysis revealed a long 3=-UTR of 2,092 bp. Combining the previously identified cds and 5=-UTR sequence generated the full length (2,830 bp) of rabbit RGS4 cDNA as shown in deposited GenBank accession number GQ848313. This fulllength cDNA is consistent with the result from Northern blot analysis detecting a single band of 2.8 kb of mature RGS4 mRNA in rabbit intestine (45) . The genomic structure of rabbit RGS4 gene as shown in Fig. 2A contains five exons, and the fifth exon includes all the sequence of 3=-UTR. This feature of rabbit RGS4 genomic structure is shared by RGS4 genes from other species such as human (NM_001102445), mouse (NM_009062), and rat (NM_017214).
Sequence analysis of the 3=-UTR of rabbit RGS4 revealed a context of uridine-rich and adenosine-rich elements and six puta- Cloning and homology analysis of rabbit RGS4 3=-untranslated region (UTR). A: fulllength cDNA and genome of rabbit RGS4. Sequence of cDNA was built from 5=-and 3=-rapid amplification of cDNA ends (RACE), and 6 canonical AU-rich element (ARE) sites on 3=-UTR were labeled. Intron/exon structure was deduced through GenomeBLAST against rabbit genome. B: homology analysis of AREs between species. Selected regions containing highly conserved ARE-5/6 are shown. C: decay motifs in rabbit RGS4 3=-UTR. The structure and score of the decay motif were predicted by the RNApromo program.
tive AREs with canonical AUUUA sequences that may serve as determinants for RGS4 mRNA stability. Searching for noncanonical NNUUNNUUU sequence against RGS4 3=-UTR identified eight sites. Clustal W alignment of RGS4 3=-UTR from various species demonstrated that rabbit RGS4 3=-UTR shares 74% identity with human and primate and 62% identity with rodents. The fifth and sixth canonical ARE sites are highly conserved (with ARE-6 sharing 100% identity among all species; Fig. 2B ), implicating their potential roles in regulating RGS4 mRNA stability.
Computational RNA motif prediction analysis of RGS4 3=-UTR full length (2,092 bp) using a newly developed RNApromo (60) identified three RNA motifs that may regulate mRNA decay (Fig. 2C) . The first locus is at nucleotides 700 -767 (CCAU-GGAUCUUUCUGGAAAAGCAUCCAAGCAAAUUCAU-GGUUAAUUUAACCAGUGAUAGUCUUCACAUUGAG-CUCUAUUCUACGGAGAGAAAAAUC), with motif score 65.4. The second and third loci are at the same nucleotides 1926 -1987 (AUGACUUUGAUAUGGUACCUGUACUCA-CAGACUAUUGUCUCACAAAUAAGUCUGGAAGUCAU), with scores of 85.4 and 82.5 respectively, showing minor differences of structure in the loop (Fig. 2C) . These motif structures, although not related to ARE-5 and ARE-6, suggest that RGS4 3=-UTR may play a role in regulating mRNA stability.
3=-UTR of rabbit RGS4 negatively regulates RGS4 expression and mRNA stability. The presence of a long 3=-UTR with decay motif structures and ARE sites as shown above implies a potential posttranscriptional mechanism. To gain experimental evidence for the function of RGS4 3=-UTR, we prepared the mammalian expression construct pcDNA3-rLuc-RGS4-UTR encoding a chimeric transcript containing a secreted Renilla luciferase reporter gene fused to RGS4 3=-UTR plus vectorderived BGH poly(A) signal. In our preliminary studies, removal of the poly(A) signal led to entire loss of luciferase activity of the parent construct pcDNA3-rLuc, suggesting that the poly(A) signal is required to maintain luciferase mRNA. As shown in Fig. 3 , addition of RGS4 3=-UTR to the downstream of luciferase reporter gene induced Ͼ80% reduction in the activity and 70% reduction in the mRNA expression of luciferase, suggesting that the 3=-UTR of RGS4 is capable of modulating the instability of a heterologous mRNA.
To address whether 3=-UTR mediates IL-1␤-induced upregulation of RGS4 expression, smooth muscle cells transfected with parent luciferase reporter or luciferase-RGS4-UTR reporter vectors were treated with IL-1␤ for 24 h and luciferase activity and mRNA level were determined. In the absence of 3=-UTR sequence of RGS4, treatment with IL-1␤ had no significant effect on the enzyme activity and mRNA expression. However, in the presence of 3=-UTR IL-1␤ treatment significantly attenuated the reduction in both activity and mRNA level of luciferase reporter (Fig. 3) . These data suggest that IL-1␤ stabilizes the mRNA transcript and protein product of the reporter gene via 3=-UTR of RGS4.
The two 3=-most ARE sites are critical for RGS4 mRNA destabilization. Six putative canonical AREs are distributed throughout the full-length (2,092 bp) 3=-UTR of rabbit RGS4, with the two 3=-most AREs (Fig. 2B ) situated in a highly conserved, AU-rich context. To determine the roles of specific AREs in regulating RGS4 mRNA stability, deletion mutants of the chimeric luciferase-RGS4-UTR vector as described above were prepared and analyzed by luciferase reporter assay. Deletion of 3=-UTR NH 2 -terminal domain (nd; nucleotides 1-607, containing ARE-1/2) had no effect on the luciferase activity mediated by the full-length UTR (Fig. 4A) . However, deletion of the COOH-terminal domain (cd; nucleotides 607-2092, containing ARE-3-6) significantly attenuated UTR-induced reduction of luciferase activity, implying that the COOH-terminal region is critical for RGS4 mRNA instability.
To identify which ARE sites are responsible for the instability of RGS4 mRNA, we performed a site-directed mutagenesis assay using pcDNA3-rLuc-RGS4-UTR(fl) as parent vector. As shown in Fig. 4B , mutation of ARE-5 significantly attenuated UTR full length-induced reduction of luciferase activity, while mutation of ARE-6 abolished it, implying that ARE-6 is most critical in mediating RGS4 mRNA instability. Thus both ARE-5 and ARE-6 are critical in mediating the instability of RGS4 mRNA, and ARE-6 is most effective. This is also consistent with the potential role of ARE-6 and ARE-5 as predicted by the homology analysis.
To further delineate the role of ARE-5 and ARE-6 in mediating IL-1␤-induced upregulation of RGS4 mRNA, we treated cells expressing site-directed mutants with IL-1␤. As Fig. 3 . Insertion of RGS4 3=-UTR remarkably inhibited cytomegalovirus (CMV)-promoted luciferase activity (left) and mRNA expression (right). IL-1␤ treatment for 3 h significantly prevented RGS4 UTRdependent mRNA decay of luciferase reporter gene. Cultured colonic smooth muscle cells were cotransfected with indicated vectors (top) carrying secreted Renilla luciferase (rLuc) and pGL4-CMV vector carrying firefly luciferase (for normalization). After 24 h, cells were serum starved for 24 h and treated with vehicle control or IL-1␤ (10 ng/ml) for 24 h. The Renilla and firefly luciferases were measured separately in quadruplicate, and mRNA levels of Renilla luciferase were determined by real-time RT-PCR in triplicate. Data represent means Ϯ SE of 3 independent experiments. *P Ͻ 0.05, statistically significant increase by Student's t-test compared with corresponding control. BGH pA, bovine growth hormone poly(A). described above (Fig. 2) , IL-1␤ treatment induced a significant increase in the luciferase activity of the RGS4-UTR full-length (wild type)-mediated reporter luciferase (Fig. 4B) . Unexpectedly, mutation of ARE-5 or ARE-6 did not prevent IL-1␤-induced increase of the reporter luciferase activity. In contrast, they all produced further increase of luciferase activity induced by IL-1␤ (Fig. 4B) . These data suggest that IL-1␤ stabilizes RGS4 mRNA through unknown mechanisms, while the fifth and sixth ARE sites alleviate the effect of IL-1␤ by regulating the instability of RGS4 mRNA.
RGS4 UTR-dependent mRNA instability involves new protein synthesis.
In an attempt to determine the transcriptional and posttranscriptional mechanisms for IL-1␤-induced upregulation of RGS4, we observed that inhibition of protein biosynthesis by cycloheximide (CHX, 12.5 g/ml) in cultured serumstarved colonic smooth muscle cells induced a dramatic and time-dependent increase in the mRNA level of RGS4 as determined by real-time RT-PCR (Fig. 5A) . Pretreatment with CHX 30 min before IL-1␤ treatment prevented further increase in RGS4 mRNA by IL-1␤ (Fig. 5B) , indicating that new protein synthesis is involved in IL-1␤-induced upregulation of RGS4 mRNA expression. The increase of RGS4 mRNA induced by CHX or IL-1␤ alone or their combination was inhibited by pretreatment with the transcription inhibitor actinomycin D (Fig. 5B) , implying that the transcriptional mechanisms are involved in CHX-and IL-1␤-induced upregulation of RGS4 mRNA (33) . However, it may also result from the increased mRNA stability. To validate the role of new protein Fig. 4 . COOH-terminal domain (A) and in particular ARE-5/6 sites (B) of rabbit RGS4 3=-UTR play an important role in regulating RGS4 mRNA instability. Cultured colonic smooth muscle cells were cotransfected with indicated vectors ϩ normalization pGL4-CMV vector for 24 h. After serum starvation, cells were treated with vehicle control or IL-1␤ (10 ng/ml) for 24 h. Renilla and firefly luciferases were measured separately. Percentage changes in Renilla luciferase relative to the pcDNA3-rLuc without RGS4 3=-UTR were calculated. Data represent means Ϯ SE of 4 -6 separate experiments. *P Ͻ 0.05 and **P Ͻ 0.01, statistically significant changes by 1-way ANOVA and Newman-Keuls test compared with the pcDNA3-rLuc (A) or Student's t-test compared with the corresponding control (B). ϩP Ͻ 0.05 and ϩϩP Ͻ 0.01, significant changes by ANOVA compared with wild type of pcDNA3-rLuc-RGS4-UTR(fl). ⌬cd and ⌬nd indicate the deletion of COOH-terminal and NH2-terminal domains of RGS4 3=-UTR. synthesis in regulating RGS4 mRNA instability, we transfected smooth muscle cells with luciferase-RGS4-UTR reporter vector and treated the cells with CHX. As shown in Fig. 5C , CHX treatment prevented UTR-mediated decrease in luciferase mRNA expression, implying that the increased UTR-mediated RGS4 mRNA instability involves synthesis of new proteins, preferentially the destabilizing proteins. Either IL-1␤ or CHX alone stabilized luciferase mRNA. However, no additive or superinductive effect of IL-1␤ plus CHX was observed by luciferase reporter assay (Fig. 5C) , suggesting that IL-1␤ stabilizes mRNA via a process of new protein synthesis like mRNA-stabilizing proteins (65) . Similarly, either IL-1␤ or CHX alone dramatically upregulated the mRNA expression of endogenous RGS4 in a time-dependent manner, but both together did not induce further increases (Fig. 5B) . In contrast, the RGS4 mRNA in the presence of both IL-1␤ and CHX displayed a gradual decay (Fig. 5B) . Altogether, these data imply that new protein synthesis is implicated in UTR-mediated RGS4 mRNA instability and IL-1␤-stimulated RGS4 mRNA stabilization.
HuR regulates RGS4 expression in a 3=-UTR-dependent manner. As demonstrated above, IL-1␤ treatment stabilized RGS4 mRNA through the 3=-UTR, but the mechanism and signaling pathways remain unknown. HuR is a RBP that stabilizes ARE-containing mRNAs. Deletion analysis of the RGS4 3=-UTR identified the important role of ARE sites within the COOH-terminal region in regulating the instability of RGS4 mRNA. We hypothesized that the mRNA-stabilizing protein HuR may mediate IL-1␤-induced upregulation of RGS4 mRNA. To test this, we performed loss-of-function studies. Silencing efficiency and specificity of HuR shRNA expression constructs were determined by Western blot and RT-PCR analysis in cultured rabbit colonic smooth muscle cells. As shown in Fig. 6A , HuR-B shRNA effectively inhibited the protein expression of endogenous HuR, but HuR-A was ineffective in rabbit smooth muscle cells, although the shRNA-encoding sequence of HuR-A has been reported for its efficiency to silence HuR expression in mouse (77) . Further analysis of HuR-A sequence against the newly sequenced rabbit RGS4 identified a mismatch of the last nucleotide (C) to rabbit RGS4 (T), which attests to the sequence-specific silencing efficiency of RNA interference. Accordingly, the effective HuR-B shRNA significantly (ϳ2-fold) inhibited IL-1␤-induced upregulation of endogenous RGS4 mRNA under transcriptional inhibition as determined by real-time PCR, whereas the ineffective HuR-A shRNA and the control empty vector had no effect on IL-1␤-induced upregulation of RGS4 mRNA expression (Fig. 6, A and B) . These data suggest that HuR mediates IL-1␤-induced upregulation of RGS4 mRNA expression through a posttranscriptional mechanism in rabbit colonic smooth muscle cells. The approximately twofold effect of HuR silencing on mRNA expression is consistent with the effect of IL-1␤ on RGS4 mRNA half-life (Fig. 1) , supporting the notion that HuR may preferentially affect RGS4 mRNA stability, although we cannot rule out the possibility that other factors or signaling components required for RGS4 transcription such as NF-B and MAPK may be affected by HuR silencing.
To further determine the potential role of HuR in the UTR-dependent regulation of RGS4 mRNA stability, colonic smooth muscle cells were cotransfected with luciferase-RGS4-UTR reporter vector and Flag-tagged rabbit HuR expression vector or HuR-B shRNA vector. As shown in Fig. 6C , the dramatic reduction in luciferase activity by the addition of RGS4 -3=-UTR into the downstream luciferase reporter was aggravated by effective HuR-B shRNA while attenuated by overexpression of HuR (Fig. 6D) . Thus HuR plays a direct role in stabilizing RGS4 mRNA via its 3=-UTR. To delineate the functional connection between IL-1␤ and HuR signaling pathways, we treated HuR knockdown or overexpression cells with IL-1␤ and examined the RGS4 -3=-UTR-dependent luciferase reporter activity. HuR knockdown blocked IL-1␤-induced upregulation of 3=-UTR-dependent reporter activity, whereas HuR overexpression significantly enhanced the IL-1␤ effect (Fig. 6C) . These data suggest that HuR mediates IL-1␤-induced stabilization of RGS4 mRNA via 3=-UTR in colonic smooth muscle cells.
HuR knockdown attenuates IL-1␤-induced inhibition of acetylcholine-stimulated PLC-␤ activation during initial phase of contraction.
Using PLC-␤ activity as a marker to reflect the initial contractile response of smooth muscle cells (37, 53) , we demonstrated previously that RGS4 mediates IL-1␤-induced inhibition of acetylcholine-stimulated contraction. To investigate the functional significance of HuR-mediated RGS4 mRNA stabilization, we evaluated the effect of HuR shRNA knockdown on IL-1␤-induced inhibition of PLC-␤ activity. Consistent with previous studies (35) , IL-1␤ treatment inhibited acetylcholine-stimulated PLC-␤ activation. Knockdown of HuR by the effective HuR-B shRNA significantly prevented IL-1␤-induced reduction in acetylcholine-stimulated PLC-␤ activation (Fig. 6E) .
IL-1␤ induced rapid cytosolic translocation of HuR. Cytosolic translocation of HuR has been shown to increase mRNA stability in several genes and various cell types (12, 16) . To determine whether IL-1␤ affects HuR cytosolic translocation in rabbit colonic smooth muscle cells, we examined the time course of HuR subcellular distribution by fluorescent immunocytochemistry and Western blot analysis. As shown in Fig. 7, A and B , robust nuclear staining of HuR was constitutively detected in the serum-starved smooth muscle cells, while lower-intensity, but still detectable, HuR staining was evident in the cytosol in some cells. After treatment with IL-1␤, the nuclear staining was reduced and evident cytosolic staining was detected in the majority of cells (Fig. 7A) . Quantitative image analysis identified the significant reduction in the ratio of nuclear to cytosolic HuR immunofluorescence after IL-1␤ treatment (Fig.  7B) . To determine the dynamic changes in HuR nuclear/ cytosolic translocation, Western blot analyses of cytosolic and nuclear extracts after IL-1␤ treatment for different time periods were performed. Consistently, HuR expression was predominantly localized in the nucleus but also detectable in the cytosol under constitutive conditions (Fig. 7, C and D) . IL-1␤ exposure induced rapid (5-15 min) reduction in HuR nuclear expression (Fig. 7C) . In addition, IL-1␤ treatment increased the nuclear expression of HuR (Fig. 7, C and D) at 1 h, which reduced again at 2 h, implying the nuclear-cytosolic shuttling of HuR as described previously (12) . Lamin A/C was used as loading control. These data suggest that IL-1␤ promotes HuR cytosolic translocation.
IL-1␤ promotes binding of HuR to RGS4 mRNA. Sequence analysis of RGS4 3=-UTR predicted the presence of ARE motifs that potentially bind to mRNA-stabilizing or -destabilizing proteins. To validate the direct binding activity of HuR within the ARE motif of RGS4, we performed a biotinylated RNA pull-down assay. The in vitro-transcribed biotinylated RNA probe from RGS4 3=-UTR detected strong binding of HuR in both nuclear and cytosolic extracts from cultured colonic smooth muscle cells. The amount of pull-down nuclear HuR relative to the input (1:10) was enriched more than that of cytosolic HuR, implying that the 3=-UTR binding of nuclear HuR was stronger than that of cytosolic HuR (Fig. 7D) . IL-1␤ stimulation increased 3=-UTR binding of cytosolic HuR but decreased 3=-UTR binding of nuclear HuR, supporting the notion that IL-1␤ promotes HuR cytosolic translocation. Unexpectedly, the biotinylated RNA probe from RGS4-cds originally designed as a negative control also detected strong binding of both nuclear and cytosolic HuR. In addition, IL-1␤ increased the binding activity of the cds probe to the nuclear and, in particular, the cytosolic HuR. For a control experiment, we examined the expression and possible mRNA binding of IKK1 in the same blot membrane. Consistent with previous reports (20) , IKK1 expression is predominantly located in the cytosol and IL-1␤ treatment increased the expression of IKK1 in both cytosol and nucleus. However, the biotinylated RNA probe from either RGS4 -3=-UTR or cds did not pull down IKK1 in both cytosol and nucleus. These data suggest that both 3=-UTR and cds of rabbit RGS4 specifically bind to HuR, whereas IL-1␤ stimulation promotes HuR translocation from nucleus to cytosol and increases the cds binding activity of both cytosolic and nuclear HuR.
HuR binding of RGS4-cds implies that the coding sequence may regulate RGS4 mRNA stability. To test this, we cloned RGS4-cds into the downstream of CMV-promoted Renilla luciferase reporter (Fig. 8A) and measured the decay curve of luciferase mRNA after transcription inhibition by actinomycin D. Addition of RGS4-cds dramatically promoted the mRNA decay of luciferase reporter gene (Fig. 8B ) and induced Ͼ90% reduction in luciferase activity (Fig. 8C) . Unexpectedly, IL-1␤ treatment further decreased luciferase activity (Fig. 8, C and  D) . Overexpression of HuR significantly decreased RGS-cdsmediated luciferase activity (Fig. 8D) . These data suggest that IL-1␤-induced RGS4-cds binding of HuR negatively regulates RGS4 mRNA stability.
DISCUSSION
RGS4 is one of seven members of the classic R4 RGS protein family that accelerates the GTPase activity of the G␣ i/o and G␣ q/11 family members. The expression and function of RGS4 have been well studied in smooth muscle cells (28, 35, 67) , cardiomyocytes (26, 42, 50) , nerve tissue (41) , and cancer cells (39, 54, 73) . However, the regulatory mechanisms for RGS4 expression have not yet been well elucidated. Our previous studies (35) demonstrated that IL-1␤ significantly upregulates RGS4, leading to an inhibitory effect on agoniststimulated initial contraction of gut smooth muscle. We also demonstrated (33, 34) that NF-B, MAPK, and PI3-kinase/ Akt/GSK3␤ signaling pathways are involved in IL-1␤-induced upregulation of RGS4 expression. In a parallel study (45), we cloned the promoter of rabbit RGS4 and identified the transcriptional mechanism responsible for RGS4 upregulation. In the present study, we cloned the long 3=-UTR of rabbit RGS4 and demonstrated that the two 3=-most ARE sites are critical to mediate the mRNA-destabilizing effect of RGS4 3=-UTR. IL-1␤ treatment promotes cytosolic translocation and mRNA binding of HuR. Gain-or loss-of-function studies confirmed that HuR is required for IL-1␤-induced upregulation of RGS4. Therefore, transcriptional and posttranscriptional mechanisms contribute to the regulation of RGS4 expression in rabbit colonic smooth muscle cells (Fig. 9) .
RGS proteins play critical roles in regulating G protein signaling, which is well known to affect a large array of cellular functions. Most studies have been done on the protein stability of RGS, but little is known about the mRNA stability and the underlying mechanisms of RGS proteins (15) . Sequence analysis of RGS proteins identified a long 3=-UTR with variable numbers of ARE sites in most members of the RGS C: IL-1␤ promotes RGS4-cds-mediated reduction of luciferase activity. Cells were cotransfected with indicated vectors ϩ firefly luciferase vector (normalization), followed by serum starvation (24 h) and IL-1␤ treatment (24 h). Renilla and firefly luciferases were measured separately in quadruplicate. Data represent means Ϯ SE of 3 independent experiments. *P Ͻ 0.05, statistically significant decrease by Student's t-test compared with corresponding control. D: HuR overexpression promotes RGS4-cds-mediated reduction of luciferase activity. Cells were cotransfected and treated as described in C. *P Ͻ 0.05, statistically significant decrease by Student's t-test compared with corresponding control. ϩϩP Ͻ 0.01, statistically significant decrease compared with corresponding empty vector.
family such as RGS4, RGS5, RGS6, RGS12, RGS16, and RGS17. Here, we provide the first experimental evidence that the long 3=-UTR of RGS4 is critical in regulating or mediating mRNA instability. We predict that the long 3=-UTR in other members of the RGS family is also critical in regulating the stability of corresponding mRNA. This is also consistent with the fact that most RGS proteins are short-lived.
Gene expression is tightly regulated by transcription factors. Recent studies have revealed that the posttranscriptional mechanism triggered by RBPs and microRNA (miRNA) is also essential to maintain a precise and transient elevation of a gene product and ensure its function (8, 49) . About 10% of known genes have been shown to be regulated by degradation or stabilization of their mRNA (24) . In our previous studies (33, 35) , we showed that IL-1␤ consistently induced over 10-to 20-fold increase in mRNA expression of endogenous RGS4 in colonic smooth muscle cells. However, a reporter gene assay using RGS4 promoter detected only one-to twofold induction by IL-1␤ in rabbit colonic smooth muscle cells (45) . This prompted us to investigate the potential contribution of posttranscriptional regulation (mRNA stability) to IL-1␤-induced upregulation of RGS4. The presence of highly conserved ARE sites within RGS4 3=-UTR suggests that a posttranscriptional mechanism mediated by ARE-binding proteins may control RGS4 mRNA stability. Many ARE-binding proteins have been identified, including HuR (8, 49) . The end point effects of these ARE-binding proteins rely on cell types and pathophysiological conditions (24, 49) . In most cases, the ubiquitously expressed HuR functions by stabilizing the mRNA of target genes. In the present study, we show that HuR stabilizes RGS4 mRNA through 3=-UTR. IL-1␤ stimulation promotes HuR cytosolic translocation and increases HuR binding to RGS4 3=-UTR. Therefore, during RGS4 mRNA nucleocytosolic transport and subsequent translation, HuR binding aids in protecting RGS4 mRNA from decaying, and IL-1␤ increases RGS4 mRNA level by enhancing cytosolic HuR binding activity, leading to more stabilization.
Another finding is that HuR also strongly binds to the coding region of RGS4. In contrast to 3=-UTR binding, RGS4-cds binding of HuR negatively modulates mRNA stability, implying an intricate mechanism for RGS4 mRNA regulation. The experimental evidence of HuR binding within the cds has been reported previously in a few genes such as IL-4 (74), CD83 (59), XIAP (76), c-fos (23, 68), c-myc (71) , and others (9) . Although these genes do not contain the canonical ARE sites in the cds, the presence of the noncanonical HuR binding motif (NNUUNNUUU) supports the experimental data (48) . Sequence analysis of RGS4-cds did not show any sites for the canonical AUUUA sequence but did identify one site for the noncanonical NNUUNNUUU sequence in the sense strand and two sites in the antisense strand. Our data are supported by the previous observation that HuR binding to CD83-cds does not stabilize mRNA (59) . In contrast, CD83-cds binding of HuR affects the nucleocytosolic translocation of CD83 mRNA. The nucleocytosolic trafficking of HuR and its target transcripts is mediated by the HuR ligands pp32 (ANP32A) and APRIL (ANP32B) (7, 16) . Thus IL-1␤ may promote the nuclearto-cytosolic trafficking of RGS4 mRNA by increasing the binding of RGS4-cds to both nuclear and cytosolic HuR. The underlying mechanism and signaling pathways for IL-1␤-induced nucleocytosolic trafficking of RGS4 mRNA will be an interesting project in the future.
Although six canonical ARE sites are present in the 3=-UTR of rabbit RGS4, only the two 3=-most ARE sites are evolutionarily conserved and functional at mediating mRNA instability. Sitedirected mutation of ARE-5 and particularly ARE-6 reversed UTR-mediated instability, implying that ARE-5/6 is essential for RGS4 decay. However, it did not prevent the IL-1␤-induced mRNA-stabilizing effect on the luciferase reporter, suggesting that ARE-5/6 is not involved in the mRNA stabilization in response to IL-1␤. Therefore, ARE-5/6 may preferentially bind to the destabilizing protein and promote or mediate mRNA instability, whereas the stabilizing protein HuR preferentially binds to other regions outside of the ARE-5/6 context and mediates the inducible effect of IL-1␤ on RGS4 mRNA stability.
It is noteworthy that the translation inhibitor CHX alone induced dramatic upregulation of RGS4 mRNA expression. The molecular mechanisms remain poorly understood but may involve transcriptional and posttranscriptional events. The presence of short-lived labile repressor protein during the transcription process has been documented for CHX superinduction (64) . The implication of transcriptional regulation is supported by the fact that actinomycin D significantly prevented CHX-induced upregulation of RGS4 mRNA. It is also supported by previous studies in many other genes such as thrombomodulin (11) , c-fos(21), ICAM-1 (56), and G-CSF receptor (66) , etc. Another possibility is RGS4 mRNA stability and cotranslational regulation. The present data support the concept that CHX may induce RGS4 upregulation by inhibiting the synthesis of destabilizing proteins involved in RGS4 mRNA instability. However, the "superinduction" effect by CHX in many other genes (3, 29, 40, 64) was not observed for IL-1␤-induced RGS4 mRNA upregulation, implying a gene-specific mechanism for superinduction. In contrast, RGS4 mRNA in the presence of both IL-1␤ and CHX displayed a gradual decay. These data suggest that new protein synthesis is implicated in the IL-1␤-induced stabilizing effect on RGS4 mRNA.
In conclusion, the present study provides the first evidence for the critical role of 3=-UTR in regulating mRNA instability of RGS proteins. We also demonstrated for the first time that IL-1␤ upregulates RGS4 mRNA expression by promoting HuR cytosolic translocation and mRNA binding. RGS4 is a novel target of HuR. HuR plays a pivotal role in regulating many genes related to inflammation and neural development. RGS4 is widely implicated in neural disorders, cardiovascular diseases, and inflammatory diseases. Therefore, HuR-mediated posttranscriptional regulation of RGS proteins will provide a new basis to understand the biological relevance and pharmaceutical development of targeting RGS proteins. Identification of the signaling pathways of HuR activation and function will advance our understanding of how inflammatory responses regulate smooth muscle contraction and neural behavior.
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